Conventional treatment for nasopharyngeal carcinoma (NPC) frequently fails, and is accompanied by severe long-term side effects. Since virtually all undifferentiated NPCs are associated with Epstein Barr virus (EBV), this tumor is an attractive candidate for cellular immunotherapy targeted against tumor-associated viral antigens. We now demonstrate that EBV-specific cytotoxic
Introduction
Nasopharyngeal carcinoma (NPC) occurs worldwide and is the third most common malignancy in Southern China, where the incidence is as high as 50 per 100,000.
1 NPC is a radiosensitive tumor and local control rates of greater than 80% can be obtained. However, a significant number of patients relapse, particularly when disease is advanced at diagnosis -the commonest presentation due to a lack of early symptoms. 2 Moreover, radiation and chemotherapy are accompanied by severe short and long-term side effects including secondary malignancies. 3 Hence there is a need for therapies that will improve disease-free survival and that may be associated with reduced toxicity.
Epstein Barr Virus (EBV) is present in virtually all poorly and undifferentiated non-keratininzing NPCs regardless of geographical origin 4 and the viral antigens expressed by the tumor provide potential target antigens for immunotherapy. Adoptive transfer of cytotoxic T-cells (CTL) specific for EBV antigens has proven safe and effective as prophylaxis and treatment for EBV associated lymphoproliferative disease in bone marrow and solid organ transplant recipients. [5] [6] [7] [8] [9] [10] [11] These highly immunogenic lymphomas express all latent EBV antigens, including the immunodominant EBNA3 antigens, and are therefore ideal targets for immunotherapy. By contrast, NPC expresses a restricted set of less immunogenic viral antigens, namely EBNA1, LMP1 and LMP2. EBNA1 is expressed in all NPCs and although its processing through the HLA class I pathway is inhibited by a glycine-alanine repeat, peptides derived from incompletely translated proteins may be presented to CD8+ T-cells. [12] [13] [14] [15] Expression of LMP1 and/or LMP2 is detectable in at least 50% of NPC tumors. 16, 17 Since NPCs also express MHC class I molecules as well as the peptide transporters TAP1 and TAP2, they are capable of processing and presenting these antigens in the context of HLA class I molecules for recognition by CTL. 18 LMP1 and LMP2 specific T-cells are indeed present in the peripheral blood of NPC patients, albeit at lower frequency than in normal donors, 19, 20 and could potentially be activated and expanded for immunotherapeutic strategies. We hypothesized that ex vivo expansion of EBV-specific CTL in the absence of tumor inhibitory factors 21, 22 and the subsequent adoptive transfer of these cells may be of benefit to patients with EBV-positive NPC. Here we confirm the feasibility of this approach, and in 10 patients show evidence for safety and activity. . CTL were given intravenously with a 2-week interval between each dose. Peripheral blood was obtained pre and at multiple time points post CTL infusion for evaluation of toxicity and EBV-immunity.
Patients, material and methods

Study entry criteria and patient details
Generation of EBV-transformed B cell lines and EBV-specific CTL
After informed consent, peripheral blood (40-60 ml) from patients with EBV-positive NPC was used to generate both EBV-transformed lymphoblastoid B-cell lines (LCL) and EBVspecific CTL lines. 24 Briefly, for LCL generation, 5x10 6 peripheral blood mononuclear cells (PBMC) were incubated with concentrated supernatant of B95-8 cultures, in the presence of 1 μg/ml cyclosporin A (Sandoz, Vienna, Austria) to establish an LCL. Subsequently, PBMC (2 x 10 6 per well of a 24 well plate) were stimulated with LCL irradiated at 4000 rads at an effector: stimulator ratio of 40:1. After 9-12 days, viable cells were restimulated with irradiated LCL (at 4:1 E:S ratio). Subsequently, CTL were expanded by weekly stimulations with LCL (at 4:1 E:S ratio) in the presence of recombinant human interleukin-2 (rhIL-2, Proleukin, Chiron Corporation, Emeryville, CA) (40-100 U/ml). After expansion, CTLs were tested for sterility, HLA identity, immunophenotype, and EBV specificity and cryopreserved. Specificity was tested in a 4-hour Cr 51 release assay. In 8 lines, the CTL showed a significantly higher killing of the autologous LCLs (mean 56.6%: range 38-92%) as compared to HLA antigen mismatched LCLs (mean 6.1%, range 0-27%, p<0.0001) or to HSB-2 (mean 21.5%, range 6-55% p<0.005) at an E/T ratio of 20:1. In two CTL lines, lysis of the HLA-mismatched LCL was observed, which was significantly reduced by depletion of TCRγδ-positive cells. Auto-reactivity was excluded by the absence of lysis of autologous Phytohemagglutinin (PHA)-stimulated lymphoblasts in all 10 CTL lines.
Peptides
The following peptides were used for analysis of EBV-specific T-cell populations according to the patients HLA specificity: 
Enzyme-Linked Immunospot (ELISPOT) assay
The frequency of EBV-and LMP2-specific T-cells in the infusion product as well as in the peripheral blood pre and at multiple time points post CTL infusion was measured using an IFN-γ ELISPOT assay. 96-well filtration plates (MultiScreen, #MAHAS4510, Millipore, Bedford, MA) were coated overnight with 10 μg/mL anti-IFN-γ antibody (Catcher-mAB91-DIK, Mabtech, Cincinnati, OH). PBMC were thawed 24 hours before the assay in complete media supplemented with 50 U/ml Benzonase (Novagen, Madison, WI), rested overnight in complete media, and plated at 1-2x10 5 cells/well and 2-3 serial dilutions for LCL targets and 3-4x10 5 /well for peptide targets. CTL were rested overnight in complete media and plated at 1x10 5 cells/well and 2 serial dilutions. Cells were stimulated with either irradiated (40 Gy) autologous LCL (1x10 5 /well) or 5 μg/mL peptide. In HLA-A2-positive patients the Cytomegalovirus (CMV)-pp65 encoded HLA-A2 restricted peptide NLVPMVATV was used as control. After 18-24 hours, the plates were washed and incubated with the secondary biotin conjugated anti-IFN-γ monoclonal antibody (Detector-mAB (7-B6-1-Biotin), Mabtech). After incubation with Avidin:biotinylated horseradish peroxidase complex (Vectastain Elite ABC Kit (Standard), #PK6100, Vector Laboratories, Burlingame, CA) plates were developed with AEC substrate (Sigma, St. Louis, MO). Plates were sent for evaluation to Zellnet Consulting, New York, NY. Spot-forming units (SFC) per 1x10 5 CTL or per 1x10 6 PBMC were calculated by linear regression analysis when serial dilutions were performed and subsequent subtraction of background of non-stimulated T-cells. If an epitope-specific T-cell population had been identified in the infusion product, EBVand LMP2-specific immunity was monitored in patient peripheral blood using this IFN-γ ELISPOT assay and, when enough PBMC were available and HLA type was informative, by tetramer staining.
PCR for EBV-load in PBMC
PBMC were isolated from peripheral blood on a Ficoll (Lymphoprep, Axis-Shield, Oslo, Norway) gradient and washed with PBS. DNA was isolated from 3-5x10 6 PBMC using an anion exchange column (Qiagen, Valencia, CA). Five hundred nanograms of DNA was then used for real time polymerase chain reaction (PCR) to quantitate EBV genome copy number and was reported as copies (cp)/μg DNA. 27 
Results
Patient characteristics
Ten patients were enrolled on the study and all had poorly differentiated or undifferentiated nasopharyngeal carcinoma (WHO II/III) at diagnosis. Four patients at high risk for relapse were in remission at the time of CTL infusion and six patients had failed multiple rounds of radiotherapy and chemotherapy and had relapsed/refractory disease. Patient characteristics and previous treatment are summarized in Table 1 . 
CTL lines contain LMP2-specific T-cell populations
Autologous LCL and EBV-specific CTLs were successfully generated from 10 of 10 NPC patients. The phenotype of these CTL lines is shown in Table 2 . The presence of LMP1 and LMP2-specific T-cells within these CTL lines was evaluated by IFN-γ ELISPOT after stimulation with LMP1/2-peptides. In 8 of 9 CTL lines for which informative peptides were available based on HLA type, T-cells specific for at least 1 LMP2 epitope were detected (Table 3 ). In addition, in 1 out of 5 CTL lines evaluable for LMP1-specificity an LMP1-YLL-specific T-cell population was identified. As measured by tetramer staining, up to 5.5% of the total CD8+ population was specific for a single LMP2 epitope (data not shown). In 4 lines, T-cells specific for multiple (up to 5) different LMP2 epitopes were present, in 2 cases these were restricted through different HLA alleles. Such T-cell responses targeted towards multiple tumor antigen-derived epitopes are important to reduce the risk of tumor escape through antigen deletion. Overall the T-cell responses against these subdominant LMP-antigens were weaker than those against epitopes derived from the immunodominant lytic and EBNA3 latent antigens (Table 3) , but in the same range as detected in LCL-reactivated CTL lines from healthy donors. 28 Moreover, the identified T-cell populations specific for individual peptides reflect the minimum LMP2-specificity present and likely underestimate the total number of LMP2-specific T-cells.
Safety of EBV-specific CTL
Upon administration of EBV-specific CTL no immediate or long-term toxicity was observed in the 4 patients without detectable disease and in 5 out of 6 patients with refractory/relapsed disease (Table 4) . However, in one patient (P845) with bulky disease, pre-existing facial swelling increased markedly two days after infusion of the first dose of CTL (2x10 7 /m 2 ) requiring a tracheostomy. A needle biopsy of this mass showed tumor cells and no inflammatory cells suggesting tumor progression as the causative factor, but a contributory effect from CTL cannot be excluded. 
Changes in EBV immunity after CTL administration
Viral load and the frequency of EBV-specific T-cells were monitored in the peripheral blood at multiple time points post CTL infusion to evaluate persistence and activity of the infused CTL. Of 9 patients with a detectable amount of EBV-DNA in PBMC prior to CTL infusion, EBV load fell within 6 weeks post infusion in 6 patients (Table 5) . A decrease in EBV viral load in the peripheral blood likely reflects the lysis of EBV-infected B-cells, and therefore demonstrates activity of the infused EBV-specific CTLs. In 9 of 10 patients the low normal frequency of EBV-specific T-cells in the peripheral blood (mean: 274, range: 197-384 SFC/1x10 5 PBMC), as measured by IFN-γ secretion of PBMC upon stimulation with autologous LCL, remained unchanged post CTL infusion (data not shown). In one patient (P845) with a low number of circulating EBV-specific CTL prior to CTL infusion (24 SFC/1x10 5 PBMC) a transient 3-fold increase in the number of EBV-specific CTL was measured. In addition, the LMP2-specific T-cell populations identified in the infusion product were monitored in the peripheral blood post CTL infusion. In 5 HLA-A2+ patients, using IFN-γ ELISPOT analysis, the number of T-cells specific for a Cytomegalovirus pp65-derived epitope was determined at the same time points to control for natural variations in viral immunity. In 4 of 8 evaluated patients the number of T-cells specific for LMP2 epitopes increased > 2-fold whereas the pp65-specific immunity remained stable over this time period (Table 5 ). However, this increase in LMP2-immunity was transient as the number of LMP2-specific T-cells was similar to baseline 6 weeks after CTL infusion in 3 of these 4 patients. Additional tetramer analysis of the frequency of LMP2-specific T-cells in the peripheral blood after CTL infusion in 3 patients failed to detect a persistent increase in LMP2-immunity (data not shown).
Clinical responses post CTL therapy indicate anti-tumor activity
Clinical responses were evaluated from CT and MRI scans pre and post CTL therapy, using the international criteria proposed by the Response Evaluation Criteria in Solid Tumors Committee. 29 All 4 patients who were in remission at the time of enrollment on the study remain in complete remission 19-27 months post CTL therapy (Table 4) . Of the 6 patients with refractory/relapsed disease, two patients had no response, 1 patient has stable disease for > 14 months without additional therapy, 1 patient had a partial response sustained for 12 months and 2 patients attained complete remission (CR). One of the patients who attained CR (P389) with refractory relapsed disease had a 24% reduction in tumor size after the initial 2 CTL infusions on dose level 2. Because of this partial response, this patient received 3 additional doses of 1x10 8 CTL/m 2 at 6 months, 9 months and 12 months after the initial CTL infusions with IRB and FDA approval. During this period the patient did not receive other treatment and showed continuing response. PET Imaging at 15 months after the first CTL infusion showed normal isotope uptake consistent with a complete response and residual fibrosis. In the second patient who had a CR (P894) a biopsy of the nasopharynx prior to CTL infusion showed poorly differentiated EBER-positive NPC. Multiple biopsies taken 6 months post CTL therapy were all negative for tumor indicating a complete remission (Figure 1) . Of the two patients who had no direct response to CTL infusion, one (P845), came off study at 2 weeks because of progressive disease, but subsequently developed a partial response to palliative chemotherapy (Gemcitabine and Carboplatin) to which the disease had been previously unresponsive. The condition of this patient remained stable for 4 months until the tumor again progressed.
Discussion
Although patients with advanced, relapsed NPC have been exposed to intensive radiation and chemotherapy, EBV-specific CTL can readily be reactivated from their PBMC. Adoptive transfer of these CTL lines appears safe in this patient group, although caution may be required in patients with bulky disease. The infused lines contained cytotoxic T-cells specific for LMP2 (an EBV antigen usually expressed by NPC tumor cells), and were biologically active , reducing levels of EBV DNA in peripheral blood mononuclear cells. Although there was no persistent rise in the frequency of circulating T-cells specific for LMP2 after infusion, the CTL appeared to have significant anti-tumor activity. Two of six patients with disease that was resistant to, or had relapsed after, intensive chemotherapy and radiation, have had complete and sustained remissions. A third patient had a partial response and a fourth has stable disease. All 4 patients who were in remission at the time of CTL infusion remained disease free after 19-27 months.
The EBV-specific CTL used in this study were reactivated using LCL that express all EBV latent antigens. LCL are excellent antigen presenting cells that are readily available for all patients as only a limited amount of blood is required to establish an LCL line. As expected using this method only a minority of the expanded T-cells were specific for the subdominant antigen LMP2. However, upon encounter with NPC cells in vivo these LMP2 specific T-cells may expand in number. Although such an increase in the frequency of LMP2-specific T-cells was not detectable in the peripheral blood in the majority of patients using ELISPOT assays or tetramers, only a small number of T-cells were infused (4-30x10 7 CTL/m 2 ) and less than 10% were LMP2 specific. An expansion of several logs would be required to detect a significant increase in the peripheral blood, and it may be that the infused T-cells instead accumulate and expand at local sites of tumor antigen presentation rather than circulate in the periphery. In addition to LMP2-directed immune responses, immunity to other EBV antigens may have contributed to these tumor responses. Recent insights in the processing and presentation of EBNA1 suggest that although a glycine-alanine repeat prevents the processing of the full-length protein, peptides derived from incompletely translated proteins may be available for T-cell recognition. [12] [13] [14] [15] Of note, the CTL line from P894, who attained a complete response, contains a relatively large T-cell population specific for an EBNA1-derived, HLA class I-restricted epitope (Table 3 ). In addition, clinically relevant doses of chemotherapy can induce the expression of EBV lytic cycle antigens in NPC tumors . 30 Similarly, gamma-irradiation at clinically relevant doses can induce lytic EBV infection in EBV-positive B-cell tumors . 31 Patient 845, who progressed 2 days after CTL therapy, received chemotherapy shortly after CTLs. These chemotherapeutic agents had no anti-tumor effect at an earlier stage, whereas when combined with CTL a partial tumor response was induced. This might be the result of chemotherapy-induced expression of lytic EBV antigens and thus sensitization of the tumor for lytic antigen specific T-cells present in the CTL lines and would provide a rationale for combination of CTL therapy with chemotherapy and/or radiation to enhance CTL efficacy.
Previous efforts have been made to recruit the immune system to destroy EBV-positive NPC cells in vivo. Adoptive transfer of similar quantities of autologous EBV-specific CTL as used in this study induced anti-viral responses but no clinical responses in 4 NPC patients treated on a pilot study in China. 32 This lack of tumor response may be explained by the fact that these patients all had end-stage disease with a large tumor burden. Adoptive transfer of an allogeneic EBV-specific CTL line, in one patient with relapsed NPC resulted in a temporary stabilization of disease. 33 Vaccination with dendritic cells loaded with LMP2 peptides induced or boosted LMP2-specific CD8+ T-cell responses in 75% of the patients with advanced stage NPC. 34 In 2 of these patients in whom the LMP2-directed immune response was sustained for 3 months a partial tumor response was induced. How may the success rate of immunotherapy for NPC be increased? The CTL we transfer may undergo only limited in vivo expansion, so that strategies aimed at increasing the number of LMP1 and LMP2 specific T-cell in the infusion product may be of value. We are currently using dendritic cells and/or LCL that over express these subdominant antigens to produce order of magnitude increments in the proportion of cells in CTL lines specific for the EBV latency antigens that are expressed by the tumor. 35, 36 In addition, anti-tumor activity after CTL infusion may be augmented by vaccinating patients with an LMP1 polyepitope adenovirus vaccine, 37 LMP2 peptide-loaded dendritic cells 34 or EBNA1-LMP2 transduced dendritic cells. 38 Finally, depletion of the patients endogenous T-cells may promote the expansion of the subsequently infused CTL, a strategy that has been successfully explored by Dudley et al., 39 and which may underlie the greatly increased expansion of infused T-cells after hemopoietic stem cell transplantation. 7, 40 Given the feasibility and apparent safety of preparing and administering EBV-specific CTL to patients with advanced NPC, it will be of interest to discover if these and other manipulations further increase the tumor response rate.
